Angiogenesis, or neovascularization, is tightly controlled by positive and negative regulators, many of which reside in the extracellular matrix. We have now identified eight novel 19-to 20-residue peptides derived from the a4, a5, and a6 fibrils of type IV collagen, which we have designated tetrastatins, pentastatins, and hexastatins, respectively. We have shown that these endogenous peptides suppress the proliferation and migration of HUVECs in vitro. By performing clustering analyses of the sequences using sequence similarity criteria and of the experimental results using a hierarchical algorithm, we report that the clusters identified by the experimental results coincide with the sequence-based clusters, indicating a tight relationship between peptide sequence and anti-angiogenic potency. These peptides may have potential as anti-angiogenic therapeutic agents.
Angiogenesis, the process of developing a novel vascular network from a pre-existing one, is tightly controlled by various endogenous regulators [1] . These regulatory elements include pro-and anti-angiogenic proteins or their fragments [2] . Many of the regulators of angiogenesis have been determined to be fragments of extracellular matrix proteins or of circulating factors [3, 4] . The basement membrane, the thin membrane that envelops the endothelium, contains a variety of these angiogenesis regulators.
Basement membranes are composed of several major and minor glycoprotein constituents [5] . Type IV collagen is ubiquitously present in these membranes, where it is the major collagenous component. Type IV collagen molecules secreted by endothelial and epithelial cells self-associate into polygonal networks that interact with laminin, as well as with proteoglycans and other glycoproteins, to form basement membranes.
Each type IV collagen molecule is a trimer composed of three a chains. Six genetically distinct type IV collagen a chains (a(IV)) have been identified: the a1, a2, a3, a4, a5, and a6 fibrils [5] . These chains share basic structural features and show extensive sequence homology. The major structural features of the a chains include a collagenous domain of about 1400 amino acids containing the repetitive triplet sequence glycine (Gly)-X-Y, in which X and Y represent a variety of other amino acids; a non-collagenous carboxy-terminal (NC1) domain of about 230 residues; and a non-collagenous amino-terminal sequence of 15-20 residues.
Various NC1 domains of the a(IV) fibrils have been shown to exert anti-angiogenic effects that are mediated mainly by inhibiting the proliferation and migration of endothelial cells. Arresten is a 26-kDa molecule derived from the NC1 domain of the a1 chain of type IV collagen [6, 7] . This molecule inhibits endothelial cell proliferation and migration, and there is evidence that it may act as a decoy, blocking the binding of a1b1 integrin to type I collagen [7] . It is interesting that in another study the total NC1 domain of the a1(IV) fibril was shown to lack any anti-angiogenic activity [8] . Canstatin is a 24-kDa fragment of the a2 chain of type IV collagen [9] . Like arresten, canstatin inhibits endothelial cell proliferation, migration, and tube formation in a dose-dependent manner. Tumstatin is a fragment of the NC1 domain of the a3 chain of type IV collagen [10] . Synthetic peptides derived from tumstatin have been shown to inhibit the proliferation of endothelial cells as well as melanoma and other epithelial tumor cell lines [11] . This inhibitory activity of tumstatin is thought to be mediated through avb3 integrin binding [12] . The remaining three NC1 domains from type IV collagen, a4, a5, and a6, have also been screened for anti-angiogenic activity [8] , and the full NC1 domains from the a4 and a5 fibrils were found to lack any such activity. The a6 domain has been shown to regulate endothelial cell adhesion and migration, but with significantly lower potency than the homologous domains from the a2 and a3 fibrils.
Using a bioinformatics analysis we have now identified a set of eight novel short peptides of 19 or 20 amino acid residues in length, derived from the a4, a5, and a6 fibrils of type IV collagen, as putative angiogenesis inhibitors. We have performed in vitro endothelial cell proliferation and migration assays using these peptides and demonstrated their potency. We have also used the information from their sequence homologies and their activity profiles from the in vitro assays to cluster the peptides and provide evidence that there is an underlying amino acid sequencefunction relationship.
Materials and methods
Cell culture. Primary human umbilical vein endothelial cells (HUVECs) from a single donor were purchased from Cambrex (Walkersville, MD). The cells were propagated in EGM-2 medium, consisting of a basal cell medium with 2% FBS, growth factors (hbFGF and VEGF) and antibiotics (gentamicin/amphotericin B). All the cells used were from passage 3 to passage 6.
Peptide synthesis and handling. The peptides used were produced by the custom peptide synthesis facility in the Department of Oncology, Johns Hopkins University, and a commercial provider (Abgent, San Diego, CA) using a solid-phase synthesis technique. HPLC and mass spectroscopy analyses of each peptide were performed. In each case, the synthetic procedure yielded 10 mg of >95% pure peptide. The peptides were solubilized in water before use. In the cases of highly hydrophobic peptides, dimethyl sulfoxide (DMSO) at a maximum concentration of 0.1% (v/v) was used as a solvent; we verified experimentally that at this concentration the solvent had no effect on the experimental results.
In vitro cell viability assay. The effects of our anti-angiogenic agents on the proliferation of endothelial were assessed by measuring the metabolic activity of the live cells using the colorimetric cell proliferation reagent WST-1 (Roche, Indianapolis, IN). WST-1 is a substrate in a colorimetric assay that measures the metabolic activity of viable cells [13] .
Approximately 2 · 10 3 /well were seeded in a 96-well microplate. The response of endothelial cells to anti-angiogenic molecules has been shown to be substrate dependent [18] . In order to minimize interference with substrate-dependent signaling pathways and delineate the pure effect of the predicted fragments on the endothelial cell proliferation we chose to seed them without any matrix component present. Furthermore, additional interference can arise from possible fragments of the extracellular matrix components, different from those studied, that can be produced by matrix metalloproteinases expressed by the endothelial cells and that can be anti-angiogenic.
The viability of the cells was determined after a 3-day exposure to the peptide solution. Each peptide was tested at seven different concentrations: 0.01, 0.1, 1, and 10 lg/ml and 20, 30, and 40 lg/ml. The molecular size of each of the peptides is approximately 2.5 kDa; thus, these concentrations translate to 4, 40, 400, and 4000 nM and 8, 12, and 16 lM, respectively. Each of the concentrations was tested simultaneously in quadruplicate, and each of the experiments was repeated three times. As a positive control (i.e., decreasing viability) we applied 100 ng/ml (0.22 lM) TNP-470 (a synthetic analogue of fumagillin) along with the full medium. As a negative control (equivalent to normal viability) the cells were cultured without any agent in full medium, containing growth factors and serum. The samples were read at a wavelength of 570 nm in an ELISA plate reader Victor3 V (Perkin-Elmer). The amount of color produced was directly proportional to the number of viable cells. A more detailed description of the Materials and methods is provided in the Online Supplementary.
In-vitro cell migration assay. A modified Boyden chamber migration assay (BD Biosciences, San Jose, CA) was used to examine endothelial cell migration in the presence of an activator. The lower compartment of the Boyden chamber was separated from the upper (containing the endothelial cells) by a laminin-coated polycarbonate filter with pores small enough to allow only the active passage of the cells (3-lm pore size).
The cells were applied to the upper compartment of the chamber. Typically, 20 · 10 3 cells in a volume of 50 ll were added to each well. The growth factor VEGF (Invitrogen, Carlsbad, California) was used as the activator. It was added to serum-free medium in the lower chamber to give a final concentration of 20 ng/ml in a total volume of 225 ll. VEGF in serum-free medium was also used alone as a positive control. The antiangiogenic peptides to be tested were individually added to the lower chamber at 30 lg/ml, together with 20 ng/ml VEGF in serum-free medium. The serum-and growth factor-free medium was used alone as a negative control. The chambers were then incubated for 20 h at 37°C. The cells that had migrated into the lower chamber were stained with calcein (Invitrogen, Molecular Probes, Carlsbad, CA) 90 min prior to termination of the experiment. They were counted by measuring the fluorescence at 485 nm excitation and 510 nm emission in a fluorescence plate reader (Victor 3V, Perkin-Elmer). The results were scaled so that 100% represented the positive control, and 0% represented the number of migrating cells in the negative control.
Computational analysis. Statistical significance was assessed using Student's t-test, with p values < 0.001 defined as significant. The multiple sequence similarity dendrogram was calculated using the Clustalw algorithm [14] . This tree was visualized using Jalview [15] . The clustering and statistical analysis was performed using Matlab. We implemented a hierarchical clustering analysis using the Euclidean distances as a distance metric [16] . Once the distance was calculated, the experimental observations were grouped into a binary, hierarchical cluster tree by linking the pairs of observations that were in closer proximity according to the metric used.
Results and discussion
By using a bioinformatics approach, we have identified a set of eight novel short peptides, 19-20 amino acids in length, that are derived from the non-collagenous domains of the a4, a5, and a6 fibrils of type IV collagen: three derived from a4, three from a5, and two from a6 fibrils. Technical details of this bioinformatics analysis are not essential for the present study and are the subject of a separate report. These peptides display sequence similarities to known anti-angiogenic fragments derived from the noncollagenous domains of the a1 (arresten), a2 (canstatin), and a3 (tumstatins) fibrils of collagen IV. We introduce the term tetrastatin to characterize the peptides derived from the a4 fibril of type IV collagen, pentastatin for the peptides derived from the a5 fibril, and hexastatin for the peptides derived from the a6 fibril. The amino acid sequences of these peptides are shown in Table 1 . Having hypothesized that the predicted fragments possess anti-angiogenic properties, we assessed their anti-angiogenic potency in established in vitro assays.
Two of the most prominent characteristics of the angiogenic process are the proliferation of endothelial cells near a maternal vessel, where the novel sprouting bud emerges, and their coordinated migration along a chemotactic gradient. To evaluate the anti-proliferative and anti-migratory potency of our candidate peptides, we used in vitro proliferation and migration assays and measured their potency as compared to positive and negative controls.
The short peptides inhibit the proliferation of HUVECs
We first tested the ability of each of the eight short peptides to inhibit the proliferation of HUVECs in an in vitro assay (Fig. 1) . As a negative control, we added only the full medium to the cells; as a positive control, we added the full medium with 100 ng/ml of TNP-470 (fumagillin). TNP-470 is a microtubule-stabilizing agent that has the ability to induce endothelial cell apoptosis [17] . The optical signal from the proliferation assay was scaled so that 0% represented the signal from the negative control and 100% represented the signal from the wells to which TNP-470 was added. We expressed this scaled result as peptide activity relative to the activity of TNP-470.
The tetrastatins (Fig. 1A-C) reached a maximal activity level of 20-25% when compared to TNP-470, and their EC 50 values in the in vitro assay ranged from 0.01 to 0.1 lg/ml. The pentastatins (Fig. 1D-F) were the most potent of the peptides tested in the proliferation experiments. Pentastatin-1 reached 100% of the TNP-470 activity at a concentration of 16 lM, and the pentastatin-2 activity peaked at 70% at that same concentration. For both of these peptides, the EC 50 was <10 lg/ml, or 4 lM. The maximal activity of pentastatin-3 reached 15%. The maximal activity of the two hexastatins was 25%, and their activities exhibited a biphasic pattern, reaching a maximum at an intermediate concentration (1 lg/ml) and declining with increasing concentration. At concentrations above 1 lg/ ml, the activity of hexastatin-1 declined to minimal levels and became insignificant at the maximum tested concentration of 40 lg/ml. In contrast, hexastatin-2 reached a nadir at 10 lg/ml but then gradually regained its activity at higher concentrations.
The short peptides suppress the ability of HUVECs to migrate in the presence of VEGF
We also assessed the anti-angiogenic effect of the eight peptides by measuring their ability to inhibit the migration of endothelial cells in a Boyden chamber assay. We express the migration results as migration inhibition relative to the used controls (Fig. 2) .
Of the eight tested peptides, the two hexastatins (derived from the a6 fibril of type IV collagen) were the most potent in suppressing endothelial cell migration. In the presence of either hexastatin-1 or hexastatin-2, the migration of the HUVECs was inhibited to 90% levels of that seen for the positive control (VEGF alone). Pentastatin-1 and pentastatin-2, derived from the a5 fibrils, suppressed the migration of the endothelial cells to a similar extent (75% inhibition), whereas pentastatin-3 inhibited the endothelial cell migration by 45%. Tetrastatins, derived from the a4 fibrils, also significantly decreased the migration of the endothelial cells. The migration observed in the presence of tetrastatin-1 was inhibited by 65% of the control level; for tetrastatin-2 the inhibition reached 45%, and for tetrastatin-3 75%. For all of the cases the results were statistically significant with p < 0.001.
Combinatorial analysis of the sequence-function relationship of the peptides
The next question to be addressed was whether there is a relationship between the sequence characteristics of the peptides and their potency in the in vitro assays. In particular, we were interested in ascertaining whether the common amino acid sequences behave similarly in the experimental screening.
In order to answer this question, we treated the sequence similarities of the peptides and their potencies in the proliferation assay as independent data sets. We performed a clustering analysis to search for inter-relationships within each of the two independent data sets. We then matched the two sets of results from the clustering analyses. If there was an underlying relationship between the sequence characteristics and the potency profiles, we would expect that the sequences that cluster only because of sequence similarities would behave similarly and that their potency profiles would also cluster. If there were no matches, and even though the sequences clustered because of similarities but their potency profiles did not match, we would be able to identify which elements of the sequences might be responsible for the lack of convergence.
In order to perform a clustering analysis of the amino acid sequences of the peptides, we used the Jalview software to analyze the information from the multiple sequence alignments and build a dendogram using as a metric their average distance, calculated on the basis of the percent sequence identity (Fig. 3A) . This average distance algorithm is a bottom-up clustering method; it is a greedy algorithm that constructs the tree in a stepwise fashion. From this analysis we identified a set of three distinct clusters: the first was composed of tetrastatin-3 and hexastatin-1; the second, pentastatin-1 and pentastatin-2; and the third, tetrastatin-1, tetrastatin-2, and hexastatin-2. Pentastatin-3 did not precisely fit any of these three clusters but was most closely associated with the cluster-containing pentastatin-1 and pentastatin-2. The second step in our analysis involved searching for possible clustering of the proliferation results, i.e., identifying groups of peptides with similar potency profiles. For each of the peptides we used the scaled potency in the proliferation assay as an input metric and performed hierarchical clustering, using the Euclidian distance of the results as a distance metric. The Euclidian distance measures the absolute distance between two points in the results space, which in this case is defined by the eight vectors that include the scaled proliferation results. We then we used the average linkage to generate a hierarchical tree [19] .
The results from the clustering analysis of the proliferation results are shown in Fig. 3B . The scaled proliferation results are represented as a heatmap and aligned according to the hierarchical clustering algorithm [19] . From the associated hierarchical tree we were able to identify three distinct clusters: the first consisting of pentastatin-1 and Fig. 1 . Effect of the peptides from a4, a5 or a6 fibrils of type IV collagen on the proliferation of HUVECs. After 3 days of incubation with the test peptides, the endothelial cells were stained and counted using a colorimetric assay. (A-C) Activity of the peptides derived from the a4 fibril. (D-F) Activity of the peptides derived from the a5 fibril and (G,H) activity of the peptides derived from the a6 fibril. The results are scaled so that 0% represents the optical signal from the negative control (endothelial cells incubated with medium-containing growth factor and serum, data not shown) and 100% represents the signal from the positive control (cells incubated with 100 ng/ml TNP-470, data not shown). Vertical bars indicate the standard error. All values are significantly different from 0% at p < 0.001 except those marked by an NS sign (non-significant). In all cases the standard error for the controls was less than 2% (n = 8).
pentastatin-2, the second, hexastatin-1, tetrastatin-3, and pentastatin-3; and the third, terastatin-1, tetrastatin-2, and hexastatin-2.
When we compared the sequence identity clusters produced using the multiple sequence alignment algorithm to the peptide activity clusters calculated using the hierarchical clustering, we found a complete overlapping of the two clusters. These results are indicative of a sequence-activity correlation; the activities of each of the peptides are inherent in their sequence characteristics. This result also indicates that one can use sequence similarity approaches to search for similar peptide sequences as a means of locating fragments that might exhibit a specific activity, in this case putative anti-angiogenic fragments: peptide fragments that are responsible for the anti-angiogenic activities of the longer peptides or whole proteins of which they are a part.
Conclusions
Using a bioinformatics approach, we have identified a set of short peptides derived from the a4, a5, and a6 fibrils of type IV collagen that have putative anti-angiogenic properties. We named these peptides tetrastatins, pentastatins, and hexastatins, respectively. Using HUVECs, we have evaluated the potency of these peptides as anti-angiogenic agents in proliferation and migration assays. Endothelial cell proliferation and migration are vital for the initiation and growth of a vascular sprout from a maternal vessel. The ability of the peptides to interfere with these processes in vitro is indicative of their ability to inhibit angiogenesis. Once the in vitro activity of these peptides has been conclusively established, their anti-angiogenic properties need to be tested further in vivo in healthy animals and in animal models of various diseases.
In the proliferation assay, all of the peptides are active, but with different potencies. The EC 50 of the peptides was on the order of 1-10 lg/ml, or 400-4000 nM. The most active peptides were those derived from the a5 fibril of type IV collagen, pentastatin-1 and pentastatin-2 in particular. Interestingly, the set of peptides derived from the a6 fibril showed a biphasic response, with their activity reaching a Fig. 2 . Effect of the peptides on the migration of HUVECs in a modified Boyden chamber migration assay. Endothelial cells were allowed to migrate for 20 h in the presence of 20 ng/ml VEGF and 30 lg/ml peptide solution, then stained with calcein and counted. The fluorescent signal was scaled so that the figure represents the percentage of migration inhibition. Here 100% represents the negative control (endothelial cells in serum-and growth factor-free medium, data not shown) or the total inhibition of the cell migration and 0% the positive control (migration in the presence of 20 ng/ml VEGF, data not shown) or zero inhibition of cell migration. Vertical bars indicate the standard error. All values are significantly different from 0% at p < 0.001. In all cases the standard error for the controls was less than 4% (n = 8). In the migration assay, the peptides significantly inhibited the ability of the endothelial cells to migrate in the presence of VEGF. Of the eight tested peptides, those derived from the a6 fibril were the most potent. This result is in agreement with previous studies in which the NC1 domain of the a6 fibrils of type IV collagen was shown to severely decrease endothelial cell adhesion [8] .
From the set of the tested peptides those derived form the a5 fibrils of type IV collagen pentastatin-1 and pentastatin-2 provided cumulatively the strongest inhibition in both the proliferation and migration experiments.
In order to demonstrate a sequence-activity correlation, we correlated the peptide sequences with their potencies in the proliferation assay. The peptide sequences were clustered in a dendogram calculated based on the average distance of their identities, and the results from the proliferation experiments were also clustered using the Euclidian distances of their scaled activity. The sets of clusters that were calculated independently were found to coincide, demonstrating a strong peptide sequence-activity correlation. This study suggests that the activity of longer anti-angiogenic peptides may be localized within shorter peptide sequences, or active domains, and that one can use computational approaches in order to identify such active domains.
